THE Frank-Starling mechanism is an established basic property of the myocardium which relates the strength of contraction to diastolic fiber length and represents the regulatory mechanism by which the overall performance of the heart is controlled (Frank, 1899; Starling, 1918) . Because several factors affect this passive pressure-dimension relationship, increasing attention has been focused on the diastolic properties of the left ventricle in recent years (Monroe and French, I960; Diamond et al., 1971; Grossman and McLaurin, 1976; Glantz and Parmley, 1978; Ranlrin and Olsen, 1980). Among the determinants of diastolic properties, the effects of coronary perfusion pressure on the passive diastolic pressure-dimension relationship of the left ventricle have been controversial. The experiments of Salisbury and his co-workers first demonstrated an increasing stiffness of the left ventricular wall that occurred with increases in coronary perfusion pressure (Salisbury et al., 1960; . These observations have been confirmed by Sarnoff (1960) , Gaasch (1978), and Hagl (1974) and their coworkers. However, other investigators have been unable to demonstrate a change in left ventricular diastolic pressure-dimension relationships when coronary perfusion pressure was altered (Abel and Reis, 1970; Templeton et al., 1972). In addition, the relative contribution to diastolic compliance of coronary flow, as distinct from the pressure at which flow occurs, is not known. Therefore, the present study was undertaken to examine the left ventricular diastolic pressure-dimension relationship and to define the relative contribution of myocardial blood flow, and the perfusion pressure at which flow occurs, upon this relationship.
THE Frank-Starling mechanism is an established basic property of the myocardium which relates the strength of contraction to diastolic fiber length and represents the regulatory mechanism by which the overall performance of the heart is controlled (Frank, 1899; Starling, 1918) . Because several factors affect this passive pressure-dimension relationship, increasing attention has been focused on the diastolic properties of the left ventricle in recent years (Monroe and French, I960; Diamond et al., 1971; Grossman and McLaurin, 1976; Glantz and Parmley, 1978; Ranlrin and Olsen, 1980) . Among the determinants of diastolic properties, the effects of coronary perfusion pressure on the passive diastolic pressure-dimension relationship of the left ventricle have been controversial. The experiments of Salisbury and his co-workers first demonstrated an increasing stiffness of the left ventricular wall that occurred with increases in coronary perfusion pressure (Salisbury et al., 1960; . These observations have been confirmed by Sarnoff (1960) , Gaasch (1978), and Hagl (1974) and their coworkers. However, other investigators have been unable to demonstrate a change in left ventricular diastolic pressure-dimension relationships when coronary perfusion pressure was altered (Abel and Reis, 1970; Templeton et al., 1972) . In addition, the relative contribution to diastolic compliance of coronary flow, as distinct from the pressure at which flow occurs, is not known.
Therefore, the present study was undertaken to examine the left ventricular diastolic pressure-dimension relationship and to define the relative contribution of myocardial blood flow, and the perfusion pressure at which flow occurs, upon this relationship.
Methods
Studies were performed in 10 mongrel dogs weighing 20-25 kg (23.3 kg ± 0.5 kg, mean ± SEM) that were anesthetized with intravenous sodium pentobarbital (25 mg/kg), ventilated by an animal respirator (Harvard, model 607) delivering oxygen at 2 liters/min, heparinized (20 U/kg), and placed on normothermic, total cardiopulmonary bypass (Sarns pump, model 1900) through a median sternotomy. A single large right atrial cannula was used for venous return, and arterial inflow was provided through the left subclavian artery. A fresh heparinized whole blood prime was used and oxygenation was maintained by a bubble oxygenator (Harvey, model H-1000). Hematocrit was maintained at 39 volumes % ± 1.5 volumes %, blood pH at 7.40 ± 0.07, and inflow temperature at 37.5 ± 0.5°C. Arterial oxygenation was maintained at a partial pressure of 240 ± 94 torr with a partial pressure of CO 2 at 24 ± 6 torr.
Each dog was instrumented with 8-mm piezoelectric pulse-transit ultrasonic transducers (LTZ-5, Transducer Products) positioned epicardially across the greatest anterior-posterior minor axis diameter of the left ventricle. Right and left ven-tricular intracavitary pressures were monitored by 16-gauge catheters filled with saline. Coronary pressure was monitored by a similar catheter positioned in the aortic root near the coronary ostia via the internal mammary artery. A silastic, left ventricular apical vent (4 mm i.d., 6 mm o.d.) with multiple side holes was used to decompress the left ventricle (see Fig. 1 ).
An arrested state of the heart was achieved by systemic hyperkalemia as potassium chloride was added gradually to the oxygenator until asystole was induced (serum potassium = 27.6 ± 4.7 mg/100 ml) and maintained by additional increments of potassium chloride throughout the experiment to prevent the return of spontaneous ventricular activity. Surface electrocardiograms, as well as visual observation of ventricular activity, were used to assess adequacy and maintenance of arrest. This asystolic intervention was chosen since the potassium-arrested left ventricle closely simulated the diastolic state of the heart (Katz, 1977) , allowed accurate control of coronary perfusion pressure by eliminating left ventricular ejection during direct, gradual filling of the left ventricle through the ventricular vent, and eliminated the influence of systole which intermittently alters the diastolic pressuredimension relationship. Coronary perfusion pressure in this model was accurately regulated by adjusting the arterial flow from the perfusion pump and constricting the distal aorta to a variable extent.
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The velocity of ultrasound through myocardial tissue remains approximately constant at 1.56 mm/ Msec (Rushmer et al., 1956) . Thus, the delay between the transmission of a burst of ultrasound by one piezoelectric transducer and reception of the sonic wave by another identical transducer is directly proportional to the distance between the transducers. Our sonomicrometer system (Scheussler and Associates) sampled this interval at the rate of 1 kHz, and with piezoelectric crystals resonant at 3-5 MHz, the rninirnurn resolution was 0.075 mm (one-quarter of the wavelength). The drift of our system was less than 0.05 mm/hour.
The pressure catheters were connected to strain gauge transducers (Hewlett-Packard, model 1280) driven by pressure amplifiers (Hewlett-Packard, model 8805A) and balanced between 0 and 200 mm Hg before and after each experiment with a mercury manometer. The drift of this system was less than 0.5 mm Hg/hour.
Minor axis dimensions, left ventricular, right ventricular, aortic root, and high gain left ventricular pressures were simultaneously measured and recorded on paper (Hewlett-Packard, model 7758B) as the left ventricle was gradually filled to 20 mm Hg through the left ventricular apical vent with oxygenated blood from the oxygenator by a separate, variable speed perfusion pump (Cole-Parmer Masterflex, model 7565). These data were acquired during mean coronary perfusion pressures of 40, 80, and 120 mm Hg, which were altered randomly from experiment to experiment to minimize the effect that duration of experiment might have on left ventricular compliance. Gravity venous return from the right atrial canula was sufficient to maintain right ventricular pressures at or near 0 mm Hg throughout each experiment and minimize any influences that right ventricular pressures might have on left ventricular compliance.
Blood flow was determined using tracer microsphere (3M Co., 8.0 ± 1.0 um labeled with m I , ul Ce, sl Cr, ^Sr, M Nb, and ^Sc isotopes) at each of the coronary perfusion pressures. Approximately 3.0 million spheres were injected into the perfusion brie over a 20-second interval during continuous vigorous mixing. Simultaneous reference arterial blood sampling was made through a second catheter positioned near the aortic root. This method has previously been validated in our laboratory and results in a uniform distribution of spheres throughout normal myocardium (Kleinman et aL, 1978) . Coronary perfusion pressures were maintained stable for 10 minutes prior to and during each determination, while left ventricular intracavitary pressures were maintained at 0 mm Hg.
Adenosine, a potent coronary vasodilator (Moir and Jones, 1973) , then was infused into the aortic root of nine of the 10 dogs at a continuous rate of 1 mg/min via an 18-gauge catheter positioned within the ascending aorta. This typically produced a 20-30% drop in aortic root pressure within 2 minutes and then pressure stabilized. The arterial flow of the perfusion pump then was readjusted upward to achieve the desired mean coronary perfusion pressure. Microsphere blood flow determinations and pressure-dimension relationships were obtained at each of the coronary perfusion pressures, which were altered randomly as described above.
At the conclusion of each experiment, the heart was excised, the right ventricle and atria were removed, and the left ventricular weight was determined. The ventricles were then placed in a 40% formalin solution for 3-5 days prior to blood flow determinations according to techniques previously described (Kleinman et al., 1978) .
Throughout five experiments, serum osmolality was calculated (advanced Digimatic Osmometer, model 3011) and serum calcium was determined (Technicon SMA 12-60; Technicon) prior to cardiopulmonary bypass, after initiation of bypass, at the induction of asystolic hyperkalemic arrest, and at each level of coronary perfusion pressure with and without the addition of adenosine.
Data Analysis
Measured minor axis lengths were normalized using a Lagrangian strain definition:
(1) where e is strain, <f o is minimum minor axis length measured at a left ventricular intracavitary pressure of 0 mm Hg, and <f\ is instantaneous minor axis length. 4 was determined continuously over a range of left ventricular intracavitary pressures from 0 to 20 mm Hg.
The elastic characteristics of the myocardium were estimated using a nonlinear least squares regression analysis by fitting e with its corresponding left ventricular intracavitary pressure (P) to the following exponential equation:
where a and y3 are the elastic coefficients describing the non-linear pressure-strain curve. The non-linear regression computational algorithm was based on a Gauss-Newton iterative technique using a Taylor series linearization. This model has been validated previously (Mirsky and Parmley, 1973; Glantz and Kemoff, 1975; . A high-speed digital computer (IBM 370-165) was used for this analysis. Using model 2, we computed the nonlinear regression coefficients a and fi for each animal under the various experimental conditions. These computed parameters then were used to characterize each experiment for performing statistical comparisons and analyzing dog-to-dog variability of the diastolic elastic properties. To stabilize the variability among experiments in the coefficient, it was logarithmically transformed so that comparisons were made in terms of lna and fi. The 10 experiments without and the nine experiments with adenosine at each of the coronary perfusion pressures were compared statistically using the paired-sample HoteUig's T 2 test (the multivariate analogue of the paired £-test).
Regional and transmural coronary blood flows were determined by the ratio of tissue sample counts to reference arterial blood withdrawal counts using the technique of Rudolph and Heyman (1967) and compared statistically at each of the coronary perfusion pressures with and without adenosine by a paired <-test.
Results
Representative analog data obtained at a slow paper speed during one experiment are illustrated in Figure 2 . The small perturbations seen in the aortic root pressure tracings were due to the characteristics of the roller perfusion pump and seldom exceeded 5-8 mm Hg.
A typical pressure-strain relationship from a single experiment is shown in Figure 3 for a coronary perfusion pressure of 40 mm Hg. The normalized minor mris dimension values (e) were fitted with their corresponding left ventricular intracavitary pressures to Equation 2, and the coefficients a and P for the best fit to this non-linear curve were computed. Modeling of these data to other exponential equations with simpler or single non-linear coefficient curve descriptors failed to produce smaller residual mean squares than those obtained with Equation 2. This is an indication of the preference of this model to describe more acurately the passive elastic properties of the myocardium in this preparation.
The variation in the pressure-strain relationships from dog-to-dog is indicated by the diversity of curves shown in Figure 4 for all 10 experiments at coronary perfusion pressures of 40 (A), 80 (B), and 120 mm Hg (C). The heavy line in each case represents an average curve (indicated by A) that was derived by fitting to Equation 2 the mean strains at diastolic pressure 0-20 mm Hg for the 10 experiments without adenosine at each respective perfusion pressure. However, when each experiment was taken individually, a consistent, progressive displacement of the pressure-strain relationship to the left was observed as coronary perfusion pressure was increased from 40 to 120 mm Hg and is illustrated in Figure 5 for dog 7. The mean curves obtained at perfusion pressures of 40, 80, and 120 mm Hg for all experiments without adenosine (indicated by the heavy lines marked A in Figure 4 , A-C) are depicted in Figure 6 and show a similar shift of the pressure-strain relationship to the left as perfusion pressure increased. The elastic coefficients demonstrated similar trends as the perfusion pressure increased, i.e., the as increased and jS's decreased. The mean strain values (± SEM) for IBT' FIGURE 2 Representative analog data obtained at slow paper speed in one dog at three coronary perfusion pressures (40, 80, and 120 mm Hg) minor axis dimension changes obtained during passive left ventricular filling are shown in Table 1 at specific left ventricular pressures of 5,10, 15, and 20 mm Hg for each of the three coronary perfusion pressures in the 10 experiments without adenosine and in Table 2 for the nine experiments with adenosine. The paired-sample Hotelling's T 2 test revealed a significant decrease in dimensional strain, when comparing perfusion pressures of 40 and 120 mm Hg for both interventions and are summarized in the right hand columns of Tables 1 and 2 .
With the addition of adenosine, the mean pressure-strain relationships were not significantly altered from those obtained at each of the coronary perfusion pressures without adenosine. This is depicted in Figure 7 and indicates that adenosine produced no additional significant change in the compliance of the left ventricle at each of the coronary perfusion pressures.
The myocardial blood flows are summarized in Table 3 . The endocardia! :epicardial ratios were approximately 1.0 for all determinations, with no significant changes observed over the entire range of coronary perfusion pressures. This suggests that there was no gradient to the transmural distribution of flow. In the potassium-arrested state without adenosine, a significant augmentation in flow was observed between perfusion pressures of 40 and 80 mm Hg (P < 0.0005) and between 40 and 120 mm Hg (P < 0.05), but no real change was seen between 80 and 120 mm Hg. This suggests maintenance of some autoregulatory control in this model between perfusion pressures of 80 and 120 mm Hg (Berne and Rubio, 1979) . With the addition of adenosine, mycardial blood flows were further augmented at 80 mm Hg (P < 0.005) and at 120 mm Hg (P < 0.01) when compared to values at similar perfusion pressures without adenosine (Fig. 8) . Serum calcium and osmolality prior to cardiopulmonary bypass were 8.0 ± 0.5 mEq/liter and 301.0 ± 09.5 mOsm/liter and remained unchanged after initiation of bypass and during induction and maintenance of asystolic hyperkalemic arrest (8.1 
FIGURE 7 "Average"pressure-dimension relations for all experiments with adenosine (broken lines) and without adenosine (solid lines) are shown for the coronary perfusion pressures of 40, 80, and 120 mm Hg. The a's and fi's for the best fit curves at each perfusion pressure revealed similar trends with and without adenosine. Statistical analysis of the curves with and without adenosine at the same coronary perfusion pressures revealed no significant differences (P > 0.05). CPP = coronary perfusion pressure.
± 0.5 mEq/liter and 323.3 L ± 11.4 mOsm/liter respectively) (pNS).
Discussion
Left ventricular diastolic properties traditionally have been assessed by changes in the exponential pressure-volume relationship. Displacement of this curve to the left represents a loss in compliance (decreased chamber distensibility), whereas a shift to the right represents an increase in compliance (Mirsky and Parmley, 1973) . Although volume changes were not measured directly in the present study, changes in minor axis diameter (fiber length) have been shown to be related linearly to changes in left ventricular chamber volume over a wide range of left ventricular filling pressures (Suga and Sagawa, 1974; . Thus, pressuredimension measurements of the left ventricle correlate well with pressure-volume determinations. Results are expressed as mean ± SEM for observations in 10 experiments without adenosine. CPP ~ coronary perfusion pressure, Co ™ minor axis dimension at a left ventricular pressure of 0 mm Hg. cS-20 -minor axis strain values at specific left ventricular pressures (6, 10, 16, and 20 mm Hg).
• No significant difference was found between Co at the various CPP. f P < 0.01 compared to CPP of 40 mm Hg by the paired-eample HoteUing's T test. Results are expressed as mean ± SEM for observations in nine experiments with adenosine. CPP, Co, «6-20 -some as in Table 1 . * No significant difference was found between Co at various CPP with adenosine and at same CPP without adenosine (see Table 1 ). f P < 0.01 compared to CPP of 40 mm Hg by paired-sample HoteUing's T* test
Since diastolic force is related linearly to diastolic pressure in the left ventricle (Hefner et al., 1962; , normalized pressure-dimension relationships are analogous to stress-strain curves and have the same general exponential shape as pressure-volume curves. Shifts in the normalized left ventricular pressure-dimension relationship can be characterized by changes in the as and y8' s of Equation 2 and represent alterations in the elastic properties of the myocardium. A leftward shift indicates a stiffening of the passive elastic properties of the myocardium and results in decreased left ventricular compliance (or decreased chamber distensibility). The reliability in determining alterations in left ventricular compliance depends upon the accuracy and precision of measuring changes in the pressurevolume or pressure-dimension relationship. The use Results are expressed as mean ± SEM for nine experiments. CPP -» coronary perfusion pressure.
' Statistical analysis of blood flows are summarized in Figure  8 .
f No significant difference was found between Endo/Epi ratios at the various CPP.
of intraventricular balloons to assess diastolic properties inherently modifies the observed displacement of the ventricle secondary to their inability to conform exactly to the endocardial surface of the ventricle and their finite residual compliance. Additionally, indirect methods of assessing cardiac dimensions sacrifice resolution and fidelity.
The sonomicrometric technique of measuring left ventricular epicardial minor axis dimension changes used in this study has the advantage of delivering high-fidelity measurements without mechanical connection of the transducers to each other which might impede ventricular wall motion during low pressure diastole. Drift, temperature sensitivity, and calibration errors are virtually non-existent and continuous analog data are easily processed (Rushmer et al., 1956; Horowitz et al., 1968; Rankin et al., 1976; Kleinman et al., 1979; Hill et al., 1978) . Epicardial placement of the ultrasonic dimension transducers has the added advantage of accurate, reproducable measurement of anterior-posterior minor axis diameter from dog to dog while minimizing alignment problems and trauma to the left ventricular wall that occur with endocardial placement of the transducers. The data obtained from epicardial minor axis measurements are linearly related to endocardial measurements, since the wall thickness is inversely linear to minor axis diameter over the entire physiological range of ventricular volumes (Sasayama et al., 1976; Olsen et al., 1981) .
Differing conclusions have been drawn in the past regarding the effect of coronary perfusion pressure on left ventricular compliance and result, in part, from differences in models and methodology. Templeton and co-workers (1972) found no significant alterations in the viscoelastic properties of the left ventricle when coronary flow was altered within moderate limits. As demonstrated in the present study, coronary blood flow is only secondarily re-lated to ventricular compliance. The coronary perfusion pressure at which coronary flow occurs is the more important determinant of left ventricular diastolic properties. Abel and Reis (1970) found no significant change in left ventricular end-diastolic pressure with alterations in coronary perfusion pressures from 74 ± 0.9 mm Hg to 54.7 ± 2.9 mm Hg in nine dogs and from 156.0 ± 2.0 mm Hg to 133.7 ± 4.5 mm Hg in 10 dogs. However, these observations were obtained at a single left ventricular volume which produced a mean peak systolic pressure of 100 mm Hg, instead of over a range of left ventricular volumes to produce corresponding variations in left ventricular end-diastolic pressures. Changes in the diastolic pressure-volume relationship based upon only one value of left ventricular volume should be interpreted with caution (Gaasch et aL, 1976) .
Several authors have examined extensively the contribution of coronary perfusion pressure-flow characteristics to the systolic performance of the heart (Arnold et al, 1970; Cross et al., 1961; Hagl et al., 1974) . Arnold et al. (1970) noted an augmentation of systolic performance with increases in coronary perfusion pressure with or without an increase in coronary blood flow, but noted no change in the systolic parameters when coronary perfusion pressure was held constant and coronary blood flow was altered. Although we cannot comment on the influence of coronary perfusion pressure or coronary blood flow on the systolic performance of the heart in the present study of asystolic hearts, it is interesting that our conclusions regarding the relative contribution of coronary blood flow being secondary to coronary perfusion pressure on the diastolic properties of the left ventricle parallel those proposed by these authors with respect to systolic performance. Hagl (1974) and Salisbury (1960) noted similar augmentation in systolic performance with increases in coronary perfusion pressure, as well as a concomitant decrease in left ventricular diastolic distensibility. However, no mention is made of the effects of coronary blood flow independent of coronary perfusion pressure on the diastolic properties.
The results of the present study demonstrate that left ventricular compliance is dependent upon coronary perfusion pressure, especially below the autoregulatory range of 80 mm Hg (Berne and Rubio, 1979) . These results also indicate that, although myocardial blood flow in the potassiumarrested heart during cardiopulmonary bypass was significantly augmented by adenosine, the pressuredimension relationships of the left ventricle at the same coronary perfusion pressure during infusion were not significantly altered from those obtained without adenosine. Thus, coronary blood flow appears to have less influence on left ventricular compliance than does the perfusion pressure at which flow occurs. These results are in agreement with those of Salisbury (I960), Gaasch (1978 ), Hagl (1974 ), and Greuner-Sigusch (1973 and their coworkers who demonstrated similar leftward shifts of the diastolic pressure-dimension or pressure-volume relationship as coronary perfusion pressure was increased. Within the physiological range of coronary perfusion pressures (80-120 mm Hg), the changes observed in the pressure-dimension relationships were small indeed and insignificant when compared statistically. Only when the coronary perfusion pressure was abnormally lowered was a significant change noted in the left ventricular diastolic compliance in the present studies.
The probable mechanism for the loss of ventricular compliance occurring with increased coronary perfusion pressure was first postulated by Salisbury and co-workers (1960) when they proposed that increased coronary perfusion pressure resulted in increased coronary blood flow with subsequent increased coronary vascular volume and engorgement of the coronary vascular bed that ultimately led to myocardial wall stiffening and a reduction in left ventricular compliance. They referred to this as the "erectile" properties of the coronary vascular tree. Data from the current experiments are basically in agreement with the proposed mechanism of Salisbury; however, we would modify it to say that the "erectile" properties of the coronary vessels responsible for myocardial stiffness are more closely coupled to the perfusion pressure distending the coronary vascular tree than to the absolute flow traversing the vascular bed at the same coronary perfusion pressure.
The phenomenon of increased distension of the coronary vascular tree with augmentation of the perfusion pressure is supported by the observations of Gaasch (1978) and Morgenstein (1973) and their co-workers who noted an approximate +7% change in left ventricular wall thickness with increasing coronary perfusion pressure over a wide range of coronary perfusion pressures in canine hearts. Ahn and associates (1977) observed a 39 ± 10% increase in end-diastobc wall thickness in isolated rabbit hearts over a similar range of coronary perfusion pressures. This is further confirmed by the work of Morgenstein et al. (1973) who demonstrated a linear relationship between coronary perfusion pressure and intracoronary blood volume. In studies of left ventricular midwall segment lengths and wall thickness in conscious dogs, Edwards et al. (1981) defined a cube of myocardium. During total coronary occlusion, which simulates near zero coronary perfusion pressure with essentially no flow, diastatic wall thickness decreased by 19%, minor axis segment length increased by 11%, and calculated cube mass decreased by approximately 5%. This observation may suggest a reduction in intracoronary vascular volume during maximal reduction in coronary perfusion pressure. The slope of the minor axis segment length-to-wall thickness relationship, however, remained essentially unchanged although the ratio was shifted upward to the left along the same curve.
Unpublished data from the present experiments are in agreement with these observations. In three experiments, left ventricular equatorial wall thicknese was also measured by pulse-transit ultrasonic crystal technique. The slope of the inverse epicardial minor axis diameter-to-wall thickness relationship remained essentially unchanged as the coronary perfusion pressure was changed; however, the ratio was shifted upward to the left along a similar inverse linear relationship as the perfusion pressure was lowered from 120 to 40 mm Hg. Thus, at the same left ventricular filling pressure, when the coronary perfusion pressure was raised, wall thicknass increased and epicardial minor axis diameter decreased, again reinforcing the essentially constant linear relationship between epicardial minor axis diameter and left ventricular cavitary volume. These observations were consistent over the entire range of left ventricular filling pressures (0-20 mm Hg) and were reproducible at each of the coronary perfusion pressures (40, 80, and 120 mm Hg).
Myocardial edema formation may also contribute to the loss in ventricular compliance with increasing coronary perfusion pressure as demonstrated by Cross and colleagues (1961) . They demonstrated in isolated, blood-perfused canine hearts that distensibility of the left ventricle was decreased in proportion to the accumulation of edema fluid and that this became noticeable when fluid accumulation amounted to 4 to 5% of the original heart weight. However, Salisbury and co-workers (1961) noted no edema formation when the coronary perfusion pressure in the isolated, blood-perfused canine heart was below 150 mm Hg. Although intracoronary blood volumes and edema formation were not measured in the present study, coronary perfusion pressure never exceeded 120 mm Hg.
